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A LTHOUGH the structure and development of the spermatozoids in
±\. the Bryophyta have been the subject of numerous investigations, com-
paratively little information is available upon the earlier history of the
spermatogenic cells. The majority of investigators have confined them-
selves to descriptions of the formation of the spermatozoid from the sper-
matid. Several papers have recently appeared on the spermatogenesis of
the Hepaticae, but those dealing with the Musci are very few in number.
J. and W. Docters van Leeuwen-Reijnvaan (40, 41, 42) have recently pub-
lished several on this latter group, and, as pointed out by Strasburger (66),
the conclusions arrived at by these observers have emphasized the necessity
for further investigation.

The first reference to spermatozoids in plants was made by Schmiedel(55)
in 1747. In his 'Icones plantarum et analyses partium ', he described the
movement of the spermatozoids in Fossombroiiia pusilla.

Other scattered observations followed,, but the earliest comparative
investigations in this subject were made by Hofmeister (28) and described
in his' Vergleichende Untersuchungen' in 1850. In several of the Hepaticae
he found that the small rectangular cells of the nearly ripe antheridium each
gave rise to one spermatozoid. The latter in Pellia epiphylla^ consists
of a spirally coiled body with two cilia attached to the thicker end, and, on
its escape from the antheridium, it is still enclosed in the wall of the mother-
cell. This subsequently ruptures, and the spermatid is set free, provided at
the thin end with a vesicle. In the Musci the development is similar. In
Sphagnum acutifolium the developing antheridia are figured, and the mature
spermatozoid is shown, provided with two cilia at the anterior end. In
P/iascum cttspidatum spermatozoids are figured still enclosed within the
walls of the polygonal mother-cells. The account given by Schimper (54)
in 1858 of the spermatozoid of Sphagnum is very similar.

With the exception of Pellia, Hofmeister was unable to find cilia
in the spermatozoids of the Hepaticae, but in the following year they were
described and figured by Thuret (68) in Pellia, Marchantia, Fossovibronia,
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416 Wilson.—Spermatogeiiesis in the Bryophyta.

and Targionia. Thuret also noted that the mother-cells of the spermatozoids
of Fossombronia and Targionia were discoid in shape with one convex and
one plane surface, and that they were often united together in pairs by their
plane surfaces. In Funaria hygrometrica he described the polygonal
mother-cells, each of which gives rise to one spermatozoid. He also described
and figured the monoecious habit of this plant, an account of which has been
recently given by Boodle (14).

Schacht (51) in 185a found in Pellia epiphylla that the nucleus of the
spermatogenetic cells becomes smaller and elongated, and finally forms the
body of the spermatozoid. Later (52), after the examination of a number
of different plants, he concluded that the nucleus takes some part in the
formation of the spermatozoid, but that it usually disappears in consequence.
There is a complete protoplasmic covering around the body of the spermato-
zoid, and at the posterior end this is enlarged to form the vesicle; the cilia
are also protoplasmic outgrowths.

Kny (38)in 1867 described the 'tesseralen Zellen ', i.e. the rectangular
cells, in the developing antheridium of the Ricciaceae, and concluded that
each of these gave rise to one spermatid.

The disappearance of the nucleus was also described by Strasburger (61)
in Marchantiapolymorpha. Each spermatozoid mother-cell at first possesses
a distinct nucleus, but during development this gradually breaks up, leaving
the mother-cell filled with homogeneous contents. The spermatozoid is
formed from a band-like thickening which appears later on the upper side
of the cell. Sachs (50) gives a similar account of the development in
Nitella. On the other hand, Schmitz (56) found that the nucleus did not
disappear in the Characeae and Musci. The body of the spermatozoid
is formed by the thickening and elongation of the outer parts of the nucleus,
while the inner portion gives rise to the vesicle ; only the cilia have a proto-
plasmic origin.

The opinion that the body of the spermatozoid was of nuclear origin
was confirmed by the chemical investigations of Zacharias (77) in 1881.
He showed that in the Characeae and Musci the nucleus of the mother-cell
and the body of the spermatozoid agree in their reactions when treated with
various substances. From these investigations he concluded that the body
of the spermatozoid is formed from the nucleus, the protoplasm giving rise
to the thin skin surrounding the body, the cilia, and the vesicle.

The production of two spermatozoids by the division of each of the
rectangular cells of the antheridium was first noted in Pellia by Goebel (25)
in his article on the Muscineae in Schenk's Handbuch, but in the remaining
Hepaticae he states that one spermatozoid is formed in each mother-cell.1

The nucleus does not disappear, but produces the spermatozoid directly;
its peripheral layer thickens, and this by splitting gives rise to the body, whilst
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the middle part loosens and forms the vesicle. In the MusciJ a spermato-
zoid develops in each cell of the inner tissue of the antheridium.

Buchtien (15) in 1887 gave a short account of the development of the
spermatozoid in Pellia epiphylla. The body is formed directly from the
nucleus of the mother-cell, while the cilia are outgrowths of the cell plasma.
The discoid spermatids are figured in pairs, and a wall is shown separating
the two, while at a later stage each developing spermatozoid is represented
completely surrounded by a wall.

The formation of two spermatozoids from each mother-cell of Pellia
epiphylla was also described by Campbell (16) a few years later, but no wall
is shown between the two spermatids resulting from the division. In the
Musci Campbell emphasizes the presence of a highly refractive mass found
at the posterior end of the spermatozoid; this, in Sphagnum acutifolium,
still contains starch at the end of development.

Leclerc du Sablon (39) in 1888 gave a description of the formation
of spermatozoids in several of the Hepaticeae. In Metzgeria furcata the
nucleus passes to the surface of the mother-cell, still retaining its usual
form. Meanwhile, a protoplasmic band differentiates around the cell, touch-
ing the nucleus at one point. This band gradually thickens and becomes
intimately fused with the nucleus, which decreases in size, owing to the trans-
ference of its material to the band. Finally, the nucleus completely dis-
appears, while the band opens out and by growth in length forms the body
of the spermatozoid. The cilia appear when the body is completely formed.
The development in Radula, Frullania, and Alicnlaria'is similar.

Guignard (26 A) in 1889 gave a careful account of development of the
spermatozoid in the Characeae, Bryophyta, and Pteridophyta, and in all these
groups he emphasizes the fact that the principal part of the spermatozoid is
derived from the nucleus. In Pellia epiphylla he found that the mother-
cells of the spermatozoids are placed in pairs and are discoid, and he figures
them separated by a distinct wall. The spermatozoid is produced by the
growth in length of the nucleus, the cilia arising from a mass of hyaline
protoplasm at the anterior end. The development in Anthoceros laevis
is similar, but here the mother-cells are described as being originally rect-
angular, becoming biconvex at a later stage. Other genera of the Hepaticae
were examined, and these, together with the Mosses, agree in general with
the above account. In Sphagnum fimbriatum each spermatid is shown sur-
rounded by a wall; during the development an amylaceous mass of proto-
plasm is found at the posterior end of the nucleus, and this persists un-
diminished in amount in the vesicle. At the anterior end of the body
a small highly refringent' bouton' is present which carries the cilia.

The account given by Schottlander (58) in 1892 differs from those
of other investigators in the discovery of two distinct portions in the body
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418 Wilson.—Spcrmatogenesis in the Bryophyta.

of the spermatozoid. Both in the Hepaticae and Filicineae he described
a red-staining contractile ground substance surrounded by a non-contractile
spirally arranged skin which takes up the blue stain. This structure per-
sists in the mature spermatozoid. The development in Aneura and Mar-
chantia polytnorpha is similar in most respects. In the latter plant acentro-
some is present at each pole of the spindle during the division of the
spermatogenic cells; in the mother-cell two bodies, probably centrosomes,
are found, and these persist in the spermatozoid near the place of attachment
of the cilia.

Strasburger (62) in 1892 was unable to identify the structures de-
scribed by Schottlander. In Pellia calycina he found that the cilia are
attached some small distance behind the anterior end of the body of the
spermatozoid. On staining with a mixture of iodine green and fuchsin the
middle part of the body becomes blue, while the anterior portion, cilia, and
posterior plasma mass take up the red stain. Marchantia polymorpha and
Polytrichum commune also agree in this staining reaction. The anterior
cytoplasmic portions of the spermatozoids of Chara and Pellia are homo-
logous, but in the latter this portion remains short; on the other hand, the
posterior cytoplasmic process is not present in the Muscineae. In other
respects there is a great correspondence between the spermatozoids of the
two groups, and the resemblance also extends to their development In
Pellia calycina the mother-cells remain together in pairs even when forced
out of the antheridium. The nucleus elongates considerably, so that it finally
reaches quite to the posterior end of the body. A strongly refractive

Cytoplasmahocker' appears at the side of the nucleus, and this forms the
short anterior portion which bears the backwardly directed cilia. A vesicle
such as occurs in the Filicoideae is not present, but the cytoplasm is spread
along the length of the spermatozoid. Strasburger agrees with Guignard
that the body is not completely enclosed in a thin cytoplasmic layer.

After Strasburger's discoveries in 1892 a considerable period elapsed
before the appearance of further investigations on the Bryophyta, although
several important papers were published on the spermatogenesis in other
groups. During this period Campbell (17) noted the rectangular ' sperm
cells' of Fimbriaria Californica and described and figured the walls sepa-
rating the spermatozoids of Funaria hygrotnetrica, which still persist after
ejection from the antheridium. Miyake (45) also described the spermato-
zoids of Makinoa crispata, which are the largest yet discovered in the Hepa-
ticae. He figures an antheridium showing the rectangular spermatogenic
cells, and the spermatozoids are shown still enclosed with the walls of the
mother-cells.

Ikeno's (32) work in 1903 was carried out with modern cytological
methods and was the first detailed description of spermatogenesis in the
Bryophyta. He confined himself to the investigation of Marchantia poly-
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Wilson.—Spermatogenesis in the Bryophyta. 419

morpha. In this plant the rectangular cells of the developing antheridium
possess vacuolated protoplasm and a nucleus bounded by a distinct mem-
brane. During the early stages of division a small body appears in the
nucleus and soon moves towards the membrane, producing a beak-like
swelling in it. This body passes into the cytoplasm, becomes constricted,
and then divides, giving rise to two structures which pass to the opposite
sides of the nucleus ; these are the centrosomes. Although no cytoplasmic
radiations are present these can be clearly distinguished, as no other granules
are present in the cytoplasm. The nucleus now elongates towards the
centrosomes, and spindle fibres stream out from the latter; eight chromo-
somes are found on the equatorial plate. During the later stages the
centrosomes are only occasionally seen, and they finally disappear, being
probably taken up in the daughter nuclei. All the divisions in the develop-
ing antheridium are similar, the centrosomes arising afresh during each
prophase, but the last division is characterized by the diagonal position
of the spindle and by the persistence of the centrosomes in the resulting
daughter-cells. The latter are at first triangular in section, and no wall
is present between them. Up to this time the majority of investigators had
regarded the rectangular cells in the antheridia of the Hepaticae as the
spermatozoid mother-cells. This was the view taken by Strasburger (65) in
the ' Botanisches Praktikum ' in 1902, although Thuret (68), as early as 185J,
had described the discoid mother-cells in several species, and Goebel (25) in
Pellia epiphylla had pointed out that each rectangular cell produced two
spermatozoids. The triangular cells soon become rounded, and the centro-
some which now functions as a blepharoplast moves towards the end of the
cell, becomes elongated, and develops the two cilia. Meanwhile, a fairly
large spherical body which takes up the chromatin stain has appeared
in the cell; the origin of this ' chromatoider Nebenkorper' was not deter-
mined, and at a later stage it disappears, taking no part in the formation
of the spermatozoid. A cytoplasmic band now becomes differentiated
which connects the blepharoplast and the nucleus, and the latter, which has
become homogeneous in structure, elongates, and together with the cyto-
plasmic process forms the body of the spermatozoid.

Ikeno considered that the production of two spermatids from a mother-
cell is a general rule for all Bryophytes, both Mosses and Liverworts. He also
concluded that typical centrosomes are present in all cell generations in the
antheridia of the Bryophyta, and that after the last division they change
their function and act as blepharoplasts.

In a later communication Ikeno (33), as a result of further investigation,
modified the above conclusions. He found that in Atrichum angustattim
and Pogoiiatum rhopalophorum no centrosomes are present during the cell-
divisions in the young antheridium ; in both these Mosses eight chromo-
somes appear during mitosis. In Makinoa crispata also no chromosomes
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420 Wilson.—Spermatogenesis in the Bryophyta.

are present at a similar stage. In consequence of these discoveries and of
Chamberlain's (18) statement as to the absence of centrosomes during the
earlier stages of the spermatogenesis of Pellia epiphylla, Ikeno concluded
that, although centrosomes are constantly present in the antheridium of
Marchantia, in the other Bryophytes they are gradually disappearing and
occur only in a few cell generations.

Johnson (37) in 1904 shortly described the spermatogenesis of Mono-
clea Forsteri, and in- this, as in Marckantia, the final division is diagonal.

The spermatogenesis of several Liverworts was investigated by Miyake
in 1905 (44). In a preliminary note he stated that he was unable to discover
centrosomes in the earlier divisions in the antheridium of Marchaniia poly-
morpha. Just before division the nucleus elongates and becomes elliptical.
An aster appears at each pole, but no centrosome is present; the aster
entirely disappears when the spindle is formed. At the final division
a deeply staining body is found at each pole of the spindle, and this, no
doubt, is the blepharoplast. Fegatella coiiica is similar. Asters are present
just before spindle formation in the antheridia of Pellia, Anettra, and
Makinoa, but in these, too, no centrosome is present. Just before the final
division in Makinoa the cells become rounded; neither centrosomes nor
blepharoplasts are present at the spindle poles, but a group of granules
is found some distance from each pole, and it is not improbable that these
function later as a blepharoplast. In the same year Ikeno (34) reaffirmed
his statements concerning the centrosomes in Marchantia.

The account given by Bolleter (13) of the spermatogenesis of Fegatella
conica agrees closely with that of Marchantia as described by Ikeno. No
centrosomes or asters are found in the earlier divisions of the antheridium in
material preserved in alcohol, but their presence is considered probable.
The final division is diagonal, and no wall is produced between the resulting
daughter-cells; centrosomes are present during this mitosis and persist
in the corners of the spermatids. Later on they pass to the acute angles,
become elongated and pressed against the surface of the cell plasma, and
finally give rise to the cilia. Meanwhile, the cells have become rounded and
a ' chromatoiderNebenkorper', such as is described by Ikeno, has appeared.
A ' VerbindungsstUck', probably partly derived from the ' Nebenkbrper', is
developed between the centrosome and the nucleus. The latter decreases
in size and becomes elongated and curved, and apparently, together with
the ' VerbindungsstUck ', forms the body of the spermatozoid. On the de-
hiscence of the antheridium the spermatozoids are ejected in pairs, each
pair being still surrounded by the wall of the mother cell.

Humphrey (30) in 1906 described the spermatogenesis of Fossombroiiia
longiseta. In the half-grown antheridium the cell-division is normal, and no
centrosomes are present. The final division only differs in the diagonal
position of the spindle ; no wall is produced between the resulting daughter-
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cells. The spermatid becomes rounded, and later on a blepharoplast is
found in the cytoplasm which soon migrates to the acute angle of the cell,
becoming closely applied to the membrane. Previous to this a ' chromatoider
Nebenkorper' appears in the cell and passes to a position just beneath the
blepharoplast, where it becomes elongated,connecting up with the cytoplasm.
The chromatin of the nucleus condenses, hiding the nucleolus, and the whole
mass then becomes joined with the' Nebenkorper ', sharing in its elongation,
and with it giving rise to the body of the spermatozoid.

Lewis (43) in Riccia natans gives a somewhat similar account of the
spermatogenesis. Centrosome-like bodies are present throughout the de-
velopment, and these at the final diagonal division are very obvious; no
walls are formed between the daughter-cells resulting from this division.
The bodies persist one in each spermatid in the neighbourhood of the
nucleus, but later move to the end of the cell, coming into contact with
the membrane and producing the cilia. No ' Nebenkorper' was found.

Ikeno (85), in a discussion of the homology of the blepharoplast, after
a consideration of these investigations, has concluded that in the Mar-
chantiales the centrosomes perform their normal function as well as acting
as blepharoplasts. In the course of the phylogeny of the Hepaticae, the
original function of the centrosome has been lost to allow for its specializa-
tion as the cilia-producing organ.

Escoyez, in 1907 (22), in an examination of the divisions in the
antheridium of Marchantia polymorpha, confirms the statements of Miyake.
In the earlier divisions no centrosomes are present; at the prophase the
chromatic network is massed in the middle of the nucleus, no nucleolus
being found. Then threads of chromatic material often pass outwards
towards the membrane, and one or more granules are often found at the
edge of the central chromatic mass, but these never pass out of the nucleus.
No bodies are present at the spindle poles. Just before the final diagonal
division bodies are found in each corner of the cell touching the cell-wall.
Their origin could not be determined, and they probably arise de novo.
Later on these bodies are found at the spindle poles, and they are still
present at the telophase, persisting as blepharoplasts in the spermatids.
The early divisions in the antheridium of Fegatella conica are similar, no
centrosomes being present. Escoyez concludes that centrosomes are not
present, and that the bodies which appear at the last division function as
blepharoplasts only.

Up to this time no detailed description had been given of the early
development of the spermatogenic cells in the Musci, although Ikeno (33)
had already noted the absence of centrosomes during the spermatogenesis
of certain species. Arens (2) was the first to investigate this subject, basing
his description on Polytrichum juniperinum. Shortly afterwards a series of
papers dealing with the spermatogenesis of several species of Polytrichum

Ff

Downloaded from https://academic.oup.com/aob/article-abstract/os-25/2/415/158274
by Tufts University user
on 23 March 2018



422 Wilson.—Spermatogenesis in the Bryophyta.

and Mnium sp. were published by J. and W. Docters van Leeuwen-Reijnvaan
(40, 41, 42). Detailed references to these papers will be given in the
course of the following description.

A preliminary note on Mnium Jwrnum has already been published
(75), and in the present communication a full account of the spermato-
genesis of this and of other Bryophyta is given.

METHODS.

The methods employed for preservation and staining were similar in
each of the Mosses investigated. A small amount of material was fixed in
the field, but in the majority of cases clumps of the Mosses were brought
into the laboratory or cool greenhouse, and the male plants were fixed at
various times in the next few days. In some cases the plants were kept at
a temperature of a8° C. for twelve hours before preservation.

The following fixing reagents were employed :—
Flemming's strong and weak mixtures, Hermann, Merkel, chrom-

acetic, acetic alcohol, the sublimate-acetic-formalin mixture recommended
by J. and W. Docters van Leeuwen-Reijnvaan (42), 70 % alcohol.

With the exception of acetic alcohol, which was allowed to act from
10 to 15 minutes, the material was allowed to remain in the fixing fluid for
a period of 12-24 hours. On the whole, the Mosses are difficult plants to
fix, and in several cases the preservation was unsatisfactory. Well-preserved
material was, however,obtained by the use of Flemming's mixtures, the strong
formula proving the most satisfactory. The sublimate-acetic-formalin
mixture gave moderate results as far as the nucleus is concerned, but the
fixation of the cytoplasm with the reagent leaves much to be desired.
Acetic alcohol proved unsatisfactory. In all cases air was removed from
the tissues by means of the air-pump. Concentration was carried out by
the glycerine method (74) or by the use of successively increasing strengths
of alcohol.

Longitudinal sections varying from 3 fi-y y. in thickness were cut
through the male receptacle, but in addition to these transverse sections of
the antheridia were also prepared.

The following stains were employed :—
Heidenhain's haematoxylin in combination with orange G, Congo red

or safranin, Flemming's triple stain (safranin, gentian violet, and orange G),
Breinl's (70) triple stain (safranin, methylene blue, and orange tannin).

MNIUM HORNUM.

Mnium fwrnum is dioecious, the male plants usually occurring in
distinct groups, although they are often intermingled with the female
individuals. The antheridia begin their development about the middle of
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February, and ripe spermatozoids are produced from about the middle of
March to the end of May. Material preserved during the middle and later
parts of this period generally shows all stages of development. In the
young antheridium the spermatogenic cells can easily be distinguished
from the wall-cells by their dense cytoplasm and large conspicuous nuclei.
In the wall-cells the nucleus is small and is almost hidden by the large
chloroplasts with which the cell is closely packed. The spermatogenic
cells are generally cubical in form and are regularly arranged, but the
shape and arrangement are not so constant as in the antheridia of many of
the Hepaticae, the cells being occasionally oblong or polygonal.

In their structure the cells closely resemble those previously described
(74) in the archesporium (PI. XXXVII, Fig. 1). The.protoplasm is very
finely alveolar, without vacuoles, and no deeply staining granules are
present. The nucleus is large in proportion to the cell, and possesses a
large deeply staining nucleolus. The nuclear network is fine and closely
resembles the cytoplasm in structure, no chromatin being present in it
during the resting condition.

The earlier divisions in the antheridium closely resemble those occur-
ring in the archesporium. At the commencement of the prophase the
nucleus becomes more granular and chromatin appears in the network. No
body is cut off from the nucleolus, and no sign of centrosomes was found at
this or at later stages in the division. The spireme stage is evidently of
short duration, for few cells were discovered in this condition. At the
metaphase six chromosomes appear on the equatorial plate (Fig. 3). Each
is slender, elongated, and hooked, the short arm usually lying parallel with
the equator of the spindle. In consequence of the statements made by
J. and W. Docters van Leeuwen-Reijnvaan concerning the difference in
size of the chromosomes of Polytrichum (41) and Mnium (42), a careful
examination was made both in side and in polar views, but no definite varia-
tion in size was discovered—the chromosomes are of approximately equal
length. In polar view (Fig. 3) each chromosome is seen as a sharply
bent rod with the convex side towards the centre. Both Arens (2) and
J. and W. Docters van Leeuwen-Reijnvaan (42) have given the chromosome
number in Mnium as eight, but the former subsequently corrected this to
six (3). Although the cell is small, there is no doubt as to the number
present. This number has also been previously described in the meiosis.
The spindle at this stage is ill-defined, but the fibres can be more clearly
seen at the anaphase. No centrosomes are found at the poles. The
absence of centrosomes can be stated with considerable certainty, since the
cytoplasm is of very regular structure and there is a complete lack of
deeply staining granules of any kind.

The subsequent divisions in the antheridium agree in their general
characters with the description just given, and on this account considerable
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difficulty was experienced in determining the relative ages of the various
antheridia in which dividing cells were found ; this was especially the case
in antheridia which were almost mature. As several investigators have
pointed out, the whole of the cells in an antheridium do not divide at the
same time, but division takes place simultaneously in all the cells of
a definite group. It is probable that a division is completed in the cells of
all the groups before any group enters upon the succeeding mitosis. As, in
the great majority of cases, the same number of spermatozoids is produced
in each antheridium, it follows that at any given stage of development the
number of cells present in different antheridia is approximately constant.
The number of cells in the later stages is obviously very large, and no
attempts were made to estimate the total. As will be described later, after
the final division, the spermatids become rounded, and there is therefore no
difficulty in distinguishing this stage. The number of spermatids occurring
across the median longitudinal plane was ascertained, and this was com-
pared with countings made in a similar manner in younger antheridia. The
following results were thus obtained:—7

Average number of spermatids across antheridium . . . 13-14
Average number of cells across antheridium immediately before final

division . . . . . . . . 10—11
Average number of cells across antheridium immediately before pen-

ultimate division . . . . . . . 8
Average number of cells across antheridium immediately before anti-

penultimate division . . . • . . 4-5

In a few cases, apparently, an additional division had taken place, for
antheridia, already possessing on the average fourteen cells across the
median plane, showed groups in which divisions were still proceeding ; but
these cases were quite exceptional.

As the multiplication of spermatogenic cells goes on the antheridium
grows considerably, but this increase in size does not keep pace with cell-
division. The spermatogenic cells, therefore, become progressively smaller
as maturity is approached. This fact affords confirmatory evidence as to
age. Measurements of the cells found in antheridia at different stages of
development were made, but these did not give constant results, probably
on account of the variable shape of many of the cells. The distance

1 By making certain assumptions the number of cells which should be found across the
antheridium when cnt in the median longitudinal plane can be calculated. After each successive
division the number is increased in the proportion 1 : f/i. If eight cells are found before the
penultimate division 8 ( ^ 7 ) = 10-08 should be present after its completion and 8 (\Zi)* — ia-7 after
the close of the final division. How closely these numbers approximate to those obtained by actual
observations may be seen by a comparison of those given above. I am greatly indebted to Mr. Odell,
•A.R.C.S., for information as to the factor ( v 3) involved.
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between the reconstituting nuclei in the early telophase was found to be
much more constant, and here the results were as follows:—

Distance between daughter nuclei at telophase of last division, about 6-$ y..
Distance between daughter nuclei at telophase of penultimate division,

about io-6 ix.
Distance between daughter nuclei at telophase of antepenultimate division,

about

The importance of a method by which the ages of the various anthe-
ridia can be determined is made apparent by a consideration of the conclu-
sions arrived at by J. and W. Docters van Leeuwen-Reijnvaan (41, 42).
These investigators, who have described the spermatogenesis of several
species of Polytrichum and of Mnium sp., state that, in all these plants,
centrosomes are constantly present at the divisions in the antheridium. At
the final division a reduction takes place whereby the haploid number of
the chromosomes is reduced to half, in Polytrichum sp. to three, and in
Mnium to four. Arens (2), who had previously examined Polytrichum
juniperinum and Mnium Iwrnum, found that the final division in these
species was of the normal type. The later divisions in Mnium hornum
were therefore examined with especial care.

During the early stages of the penultimate division a body is cutoff by
constriction from the nucleolus, although, as previously pointed out, nothing
of this kind has been discovered in the earlier divisions. The course of
events is the same as those previously described in the reduction division of
this plant, where a similar process takes place. A small bud-like outgrowth
is developed on the nucleolus (PI. XXXVII, Fig. 4), and this by constric-
tion is finally separated off, the body so produced lying close to the nucleolus
within the nuclear membrane. This body has not been discovered outside
the nucleus, and as it has not been seen during the later stages of division,
it probably soon disappears.

During the prophase of the final division a somewhat similar process
takes place, but here two bodies are produced. The nucleolus becomes
slightly elongated and dumb-bell shaped, then by further constriction almost
complete division into two spherical masses is effected (Figs. 6 and 8).
Before complete separation, however, one of these masses buds off a com-
paratively small spherical body similar to that already described in the
penultimate division (Fig. 7). The three bodies ultimately become free, but
for some considerable time lie close together in a row within the nucleus.
As before, these have not been seen to pass beyond the membrane, and
no trace of such bodies has been discovered in the cytoplasm.

In view of these occurrences the statements regarding the origin of the
centrosome made by J. and W. Docters van Leeuwen-Reijnvaan (41,42) must
be considered. According to these observers the centrosomes in Polytrichum
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and Mnium are produced from the nucleus before each division. A small
body is cut off from the nucleolus, which at first lies free within the mem-
brane, but soon passes into the cytoplasm, becoming rod-like, and by con-
striction and division producing two centrosomes. These pass to opposite
sides of the nucleus, and finally occupy the poles of the spindle. Before the
final division in Mnium after the centrosome has been separated off, the
nucleolus divides into two bodies of equal size, one of which passes into
the cytoplasm and there disappears, the other persisting as the nucleolus.

Although the production of bodies from the nucleolus in the last two
divisions in the antheridium can be confirmed in the case of Mnium liornum,
the examination of a large number of preparations leads to the conclusion
that these bodies do not pass outside the nuclear membrane as long as the
latter is present. As already described, the cytoplasm of the spermatogenic
cells is very regular in structure and is free from deeply staining
granules, and it is exceedingly unlikely that any body equal in size even to
the smaller of those cut off from the nucleolus would be constantly over-
looked after its passage through the nuclear membrane. At the same time
it may be pointed out that the size of the smaller body produced before the
final division is considerably greater than that usually associated with
a centrosome.

The importance of the separation of a body from the nucleolus at these
divisions will be discussed later, but it maybe stated here that a similar pro-
cess has been observed in cells found in the neighbourhood of the stem apex.
In these cases the cells in question are of considerable age, and it is probable
that no further divisions would in any case have taken place.

In the spermatogenic cells the further history of these bodies has not
been ascertained with certainty. During the following prophase a number
of chromatin masses appear scattered throughout the nucleus and the nuclear
membrane disappears (PI. XXXVII, Fig. 9); at this stage neither the nucleolus
nor the bodies in question can be distinguished. It could not be ascertained
whether the latter take part in the formation of the spireme, but judging from
the course of events in the reduction division it is probable that they do not
function in this way. The spireme soon appears as a close network, and
a little later the individual chromosomes can be distinguished. From the
frequency of its occurrence the latter stage is of considerable duration, and
in this respect the later antheridial divisions differ from those already
described in the archesporium, where this condition is not well marked and
is rarely found. The chromosomes are of the usual form, but are frequently
curved and intertwined (Fig. 10), and, in consequence, it is often rather
difficult to ascertain their number. As before, no difference in the size
of the six chromosomes was observed. The metaphase is quite normal, and
is quickly passed over. As a rule the axis of the spindle coincides with the
long axis of the cell, but owing to the irregularity in the shape of the cells
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it is sometimes found in an almost diagonal position. Even in these cases
the resulting daughter-cells are rarely triangular in section, for the division
wall does not usually strike the mother-cell wall at the intersection of two
of its sides. The spindle is not well marked, and no centrosomes are
found at the poles. The number of chromosomes present can be clearly
seen both in polar (Fig. 12) and in side views (Fig. 11) ; six are constantly
found.

Separation goes on in the usual way, and during the anaphase the
daughter chromosomes can be distinguished on account of the small number
present (Fig. 13). In polar view six can be again clearly seen (Fig. 14). On
their arrival at the poles the chromosomes lose their sharp outlines, and on
the appearance of the nuclear membrane can no longer be distinguished
(Fig. 15). In the figure of this stage given by J. and W. Docters van
Leeuwen-Reijnvaan distinct chromosomes are shown inside the daughter
nuclei, but in the present investigation no such appearance has been seen.
The reduction in number of chromosomes described by these investigators
does not take place in Mnium lyjrnum.

During the later stages of the final division vacuoles frequently appear
in the cytoplasm, and these often persist in the daughter nuclei. The
division wall arises in the usual way, but at a comparatively late period.
The daughter nuclei at first contain several deeply staining granules, but
later these are replaced by a single centrally placed nucleolus.

The cells after the final division is completed are somewhat irregular in
shape, generally four or five sided, and at first occupy the whole cavity.
But very shortly a shrinkage takes place, the protoplasm contracts from the
wall, and the cell becomes rounded. The resulting spermatid is oval in
form (Fig. 16). The nucleus is large and possesses a single centrally placed
nucleolus, while the remaining part is made up of a fine network which con-
tains little or no chromatin. The cytoplasm is finely alveolar, and one or
more large vacuoles are usually found in it; no deeply staining granules can
be distinguished. The original walls of the cells remain thin and sharply
defined, and stain readily with orange G or Flemming's triple stain.

The nucleolus soon becomes slightly elongated and constricts in the
middle, dividing into two bodies of almost equal size which at first remain
in close contact (Fig. 17). The process is then repeated in one of the two
resultant bodies, so that three are now found placed in a row within the
nucleus. The nuclear membrane, which up to this time has been sharply
defined, now loses its distinctness, and in consequence the limits of the
nucleus can only be distinguished with difficulty. A separation of the
bodies within the nucleus now takes place, and two of them pass into
the cytoplasm.

Although the sequence of events just described is by far the most
common, several variations of it may occur. In some cases it appears that
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at this stage only one division of the nucleolus takes place, one of the bodies
produced then passing into the cytoplasm. Or, of the three bodies formed
from the nucleolus, only one becomes separated and two remain in contact
with the nucleus for a considerable time. The same result is, however,
arrived at in all cases ; a transference of the chromatic material from the
nucleus to the cytoplasm takes place either in the form of one or of two
bodies. These bodies, which are found scattered throughout the cytoplasm
frequently in the neighbourhood of a vacuole, probably increase in number
by division, as more than two can often be discovered (PI. XXXVII, Fig. 18).
Some or all of these now give rise to short irregular rod-like structures which
are usually grouped together within or close to a vacuole (Fig. 19). At this
stage the nucleus is only distinguishable as a denser mass which takes
up the stain rather more strongly than the surrounding cytoplasm. The
nucleolus is frequently found in a dividing condition, generally partially
separated into two portions, but occasionally into three (Fig. 19). During
these divisions of the nucleolus the rod-like bodies already described are
always present in the cytoplasm, and on this account this stage can be dis-
tinguished from the earlier period of division, although the processes in the
two cases are apparently identical. Later on the bodies produced by the
division of the nucleolus become completely separated (Fig. 20) and pro-
bably pass into the cytoplasm, becoming associated with the rod-like bodies
and perhaps giving rise to some of them.

The rod-like bodies now increase in length, becoming irregularly curved,
and in this condition exhibit a remarkable resemblance to chromosomes.
Their number is not constant, but three or four can often be distinguished,
although counting is rendered difficult by their irregular form (Figs. 21-4).

A further consideration of the results obtained by J. and W. Docters
van Leeuwen-Reijnvaan is of interest at this stage. In both Polytrichuin
(41) and Mnium (42) these investigators state that the spermatogenic cells
shrink and become rounded before the final division. In Polytrickum
a process of constriction goes on, and in the daughter-cells so produced
chromosomes can still be distinguished. Although no constriction is
described in the case of Mnium, chromosomes are similarly represented
in the daughter-cells. It would seem probable that these investigators
have seen spermatids containing the rod-like bodies and have considered
that this is a stage in the final division. The number of the rod-like bodies
as already pointed out is three or four, and this would correspond roughly
to the number of chromosomes demanded by a double reduction. The
partial "superposition of two spermatids will account for the constriction
shown in Fig. 56 of their communication (41).

The sequence of the following stages in Mnium hornum is very difficult
to determine. During the early stages of development of the rod-like
bodies the nucleolus is undivided (Figs. 21 and 22), but when these have
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attained their greatest length two bodies are found within the nucleus pro-
duced, as in the previous cases, by the division of the nudeolus (Figs. 23-5).
These two bodies remain close together for some time, and this circumstance
aids in the determination of the order of events. The rod-like bodies, which
are at first distinct from each other, become massed together in the vicinity
of a vacuole which, at this stage, is always found in the cytoplasm. They
decrease in length and at the same time become thicker, and finally a deeply
staining mass is produced apparently by the coalescence of the greater part
of the bodies in question (Figs. 26 and 27). The mass so produced is
of variable shape and size, but often approaches an ovoid form. Fig. 25
probably shows an early stage in its production. All the rod-like bodies
do not take part in its formation, but one or two remain free and are usually
found stretching away from the mass towards the periphery of the spermatid
(Figs. 26 and 27). At this time the nucleus is faintly distinguishable and
still contains the two bodies formed by the division of the nucleolus, but
soon almost all trace of it is lost. Changes take place in the deeply stain-
ing ovoid mass which result in the formation of a body which, although
variable in form, is always recognizable in the spermatid at this stage. In
view of the remarkable form of this structure, as well as its constancy
of occurrence, it has been considered advisable to distinguish it in some way.
The name limosphere is therefore proposed.1

The limosphere is usually situated towards one end of the longer axis
of the spermatid. When fully formed it consists of a hollow sphere
enclosing a vacuole. Its structure can be most easily explained by a full
consideration of its development. The deeply staining mass formed by the
coalescence of the rod-like bodies (Fig. 26) becomes more definite in form,
and soon an almost spherical solid structure is produced (Fig. 27). This
then becomes divided into two parts. As seen in optical section a curved
interspace appears near its periphery, separating off an inner spherical por-
tion from an outer shell which is usually incomplete on the side towards the
periphery of the spermatid (Fig. 28). The interior portion of the inner
spherical body now begins to lose its staining capacity (Fig. 29), and soon
the greater part of it takes up only the cytoplasmic stain (Figs. 32 and 33);
the remainder in the form of a segment of a hollow sphere still stains
similarly to chromatin (Fig. 30). A little later the whole of this internal
body takes up only the cytoplasmic stain, and finally it completely dis-
appears (Fig. 31). At the stage the outer shell alone remains, enclosing
a vacuole which in some cases contains a few ill-defined granules.

Although the course of events just described is the usual one, variations
doubtless occur. In some cases it is probable that the outer shell referred
to above is separate from the beginning, and is derived from one or more of

• \ifidt — hunger, o<paTpa — sphere. The name Hmosphere was suggested by Professor
Farmer, F.R.S.
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the rod-like bodies, while the remainder produce the inner spherical portion.
In other spermatids it is possible that the limosphere is produced more
directly by fusion and expansion of the rod-like bodies without the inter-
vention of a solid mass. The structure of the body finally produced is,
however, similar in all cases.

The conclusions arrived at concerning the formation of the limosphere
have resulted from the examination of a large number of spermatids which
had been ' fixed ' in various ways and stained by different methods. The
difficulties encountered in the determination of the stages are obvious, and
these are added to by the small size of the bodies in question. The length
of the longer axis of the spermatid varies from 5 to 7 /x, while the limosphere
is about 1-5 p. in diameter. These structures also stain with difficulty. The
best results were obtained by the use of Heidenhain's haematoxylin when
this was allowed to act for long periods. In preparations stained for
twenty-four hours and carefully washed out the rod-like bodies and limo-
sphere are stained an intense black, but when sections are stained for only
a short time these structures can only be faintly seen in the cytoplasm.
Similar results were obtained by the prolonged use of Flemming's and
Breinl's triple stains.

The stage at which the rod-like bodies are present is apparently
quickly passed over. Although only a few preparations were obtained
showing these structures, a large number of spermatids were found in them
in this condition. The fixation in these preparations, judging from the
younger antheridia, was particularly good. Stages showing the divisions
of the nucleolus and the formation of the limosphere were frequently found,
and it may be concluded that both of these are comparatively long processes.

The limosphere in a large number of spermatids is not a complete
sphere, and is seen in optical section as a ring interrupted at one point In
some cases, however, a complete ring is found (PI. XXXVII, Fig. $5).
A somewhat similar structure has been observed in the developing sper-
matids of Polytrichum by J. and W. Docters van Leeuwen-Reijnvaan (41),
who consider that it is homologous with the ' chromatoider Nebenkdrper '
described by Ikeno (32) in Marchantia. According to these investigators
the structure is not spherical but ring-like in form. Arens (2) in Mniutn
liornum has also described the occurrence of a sickle- or ring-shaped' Neben-
korper'. As already pointed out, the limosphere is seen in optical section
as a complete or interrupted ring, and since this form is retained from what-
ever direction the structure is viewed it necessarily follows that the shape
is spherical. A ring, when seen from the side, would appear as a band, but
the limosphere has never been seen to assume this form.

It has already been mentioned that one of the rod-like bodies is
generally found stretching away from the mass produced by the fusion
of the remainder. During the changes just described this body is found
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attached to the outer shell-like portion, and still persists as a deeply staining
appendage of the limosphere. At or near the distal end of this appendage
the blepharoplast is found as a small spherical deeply staining body (Figs. 28
and 39).

At this point, for the sake of clearness, a recapitulation of the various
bodies produced from the nucleolus may be given. The first bodies cut off
pass into the cytoplasm and form the rod-like bodies. During the elonga-
tion of the latter the nucleolus enters upon a second period of division, and
the fate of the bodies produced is somewhat doubtful. A third period
of division results in the formation of two bodies within the nucleus, one of
which, in all probability, is identical with the blepharoplast. The origin of
the latter structure was not definitely determined, but there is little doubt
that it is the last body produced by constriction from the nucleolus. At
a later stage, as seen in Fig. 27, one of the bodies produced by this final

• division is found in the cytoplasm, and when the formation of the limosphere
is almost completed no deeply staining bodies can be seen within the
nucleus. The blepharoplast is now found at the end of the appendage,
while a second body is present in the cytoplasm in the vicinity of the limo-
sphere (Figs. 28, 39, 31, and 32). It appears that the substance of the
nucleolus is completely used up in the production of these bodies, and that
both pass out of the nucleus, one functioning as the blepharoplast, while
the other persists without change in the cytoplasm, and is finally found
in the vesicle of the spermatozoid. It is possible that this second body
corresponds to the ' Nebenkorper' described by Ikeno (32) in Marchantia,
but further investigation is necessary before any statement can be made
with regard to this matter. This body will in, future be referred to as the
accessory body. In view of the considerable number of similar bodies
present in the spermatoid an earlier origin of the blepharoplast is not
absolutely excluded. One of the bodies first produced from the nucleolus
may persist throughout the changes described above, and finally function as
the blepharoplast, but this is considered improbable.

In the following description the portion of the spermatid in the vicinity
of the blepharoplast will be spoken of as anterior; the limosphere occupies
the opposite or posterior part, while the appendage connecting the blepharo-
plast and the limosphere run approximately in an antero-posterior direction.
Arens (2) has pointed out that in Polytrichumjuniperinum the blepharoplast
is situated on that part of the periphery of the spermatid which is directed
towards the apex of the antheridium, but in Mnium no such regularity
in its position has been discovered. The anterior (previously spoken of as
the distal) end of the appendage extends to within a short distance of
the membrane of the cell. The blepharoplast is at first found at the
same spot, but a little later it changes its position and comes to lie
on the actual periphery. In some cases the appendage elongates and
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remains attached to the blepharoplast, but a short interval is often found
between them.

Considerable changes have meanwhile gone on in the structure of the
nucleus. At the time when the rod-like bodies are present in the spermatid it is
almost spherical in form. During the formation of the limosphere a consider-
able increase in size goes on, and the nucleus passes to the periphery, occupy-
ing a lateral position in the cell (PL XXXVII, Fig. 32). Its structure is now
homogeneous, for, as already described, the nucleolus is no longer present.
The bodies shown in Figs. 32 and 33 apparently in the nucleus probably
lie above or below it The blepharoplast now elongates, producing a short
thick bar-like structure which lies closely pressed against the periphery of the
spermatid (Figs. 30 and 2,3)- A. similar elongation of the blepharoplast has
been described by Ikeno (32) in Marchantia, but in this case, judging from
the figures given, the extension is away from the spot which will finally be
occupied by the apex of the spermatozoid. In Mnium, on the other hand,
the elongation is towards the anterior part of the spermatid. Shortly
afterwards a thread-like structure develops in connexion with the blepharo-
plast and passes over the inner contour of the cell membrane in a direction
opposite to the previous elongation (Figs. 34 and 35). It was not deter-
mined whether this thread is produced by an outgrowth from the blepharo-
plast substance or by a differentiation of the cytoplasmic membrane of the
cell. The thread soon reaches the portion of the cell periphery in contact
with the nucleus and passes some distance beyond it (Figs. 35-8). At
this stage the attachment of the appendage of the limosphere to the blepharo-
plast can almost always be distinguished, the connexion being found at the
junction of the thread and the thick bar-like portion (Fig. 37). In some
cases, however, the appendage, although directed towards this point, does
not quite reach it (Fig. 34) ; occasionally a projection of the appendage
beyond the blepharoplast has been discovered (Fig. 36).

During the elongation of the blepharoplast the limits of the nucleus
are difficult to define, and can only be distinguished in preparations which
have been subjected to prolonged staining in Flemming's or Breinl's triple
stains. As a general rule, the nucleus does not extend quite up to the
blepharoplast. Very soon after the production of the thread elongation
takes place, and the nucleus soon reaches the anterior end of the bar-like
structure produced by the elongation of the blepharoplast (Fig. 39). The
nucleus continues to elongate (Fig. 40), and at the same time stains more
deeply. It can be easily seen extending around almost the entire periphery
of the spermatid in contact with the thread, and even at this stage the
appendage is still faintly distinguishable (Fig. 41).

At the latest stage discovered in the preparations the spermatozoid
was almost mature. The nucleus has now attained a length of about one
and a half turns of a spiral, and at the same time has decreased considerably
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in breadth. The limosphere and the body already referred to are still to
be seen within the spermatid. The cytoplasm is scanty, and with the
exception of a small mass at the posterior end of the developing spermatozoid
stains feebly. The staining capacity of the mass in question increases
as the spermatozoid approaches maturity. Guignard (26 A) in his investi-
gation of Spliagnutn fimbriatum states that an amylaceous mass is present
in the vesicle of the mature spermatozoid, and it is probable that this mass
corresponds to the deeply staining portion of the cytoplasm found in Mnium.
When the spermatid of this latter plant is treated with iodine solution the
mass referred to stains reddish brown, and does not give the blue-black
coloration characteristic of true starch. The nucleus cannot be distin-
guished, but the thread and limosphere stain deeply (Fig. 44). No cilia
could be distinguished even at this late stage, but it may be presumed that
they arise from the blepharoplast, and in this case would be found attached
to the anterior end of the spermatozoid.

The occurrence of ' double' spermatids has been described in Mar-
c/tantia by Ikeno (32), and in Mnium hornum similar structures have been
discovered in this investigation (Fig. 43). These spermatids are approxi-
mately double the normal size, and very probably contain two nuclei,
although in consequence of the difficulties in staining the outlines of these
bodies could not be clearly distinguished. Two limospheres, two blepharo-
plasts, and two thread-like structures could, however, be seen in each
(Fig. 43). These ' double ' spermatids were discovered in an otherwise
normal antheridium. In Marchantia each pair of normal spermatids pro-
duced by the final division is surrounded by the mother-cell wall, and no
wall is formed between the two individuals. Since each ' double' spermatid
is surrounded by a wall it appears that this is produced by the failure of the
mother-cell to complete its division. In Mnium hornum, however, each
normal spermatid is surrounded by a wall. The ' double ' spermatids in
this plant may also be produced by the failure of the spermatogenic cells
to complete the final division, but obviously, similar evidence to that used
in the case of Marchantia cannot be advanced.

ATRICHUM UNDULATUM.

The structure of the antheridium of Atrichum undulatum is very
similar to that of Mnium hornum. Here again the spermatogenic cells
are easily distinguished from those forming the wall on account of the
numerous large chloroplasts found in the latter. The spermatogenic cells
are rather irregular in shape, being four or five sided. Each contains
a large nucleus in which a deeply staining nucleolus is found. In this plant
Beer (5) has pointed out that the nucleoli ' consist of a lightly coloured
matrix in which are embedded a number of grains of chromatin'. Although
this appearance has occasionally been seen, it is not of constant occurrence.
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The cytoplasm is rather denser than that of Mnium, but, as in that plant,
its structure is very regular; neither deeply staining granules nor vacuoles
are found in the cells. The various stages of division have not been studied
in great detail in this species, but as far as they have been observed they
closely resemble those already described in Mnium. One point of difference
has, however, been observed. In Atrichum undulatum division of the
nucleolus has been discovered in spermatogenic cells forming part of young
antheridia (Fig. 45), and it seems probable that in this case the separation
of a body from the nucleolus takes place prior to all the divisions of the
spermatogenic cells. As in Mnium, no trace of centrosomes has been
discovered at any stage in the divisions.

On account of the statements made by J. and W. Docters van Leeuwen-
Reijnvaan (41, 42) the final division of the spermatogenic cells was carefully
investigated. As in Mnium hornum, this mitosis closely resembles the
previous ones, and in consequence the same methods were here employed to
determine the comparative ages of the antheridia. Although the results
obtained were not so constant as those given by the former species, the final
mitosis could still be recognized with considerable certainty. In the meta-
phase of this division the spindle is not well marked, and no centrosomes are
present. Its orientation is variable, for while in some cases its long axis coin-
cides with that of the cell (PL XXXVIII, Fig. 48), in others it is diagonally
arranged (PI. XXXVII, Fig. 46). The number of chromosomes is con-
siderably greater than that found in Mnium. As the result of several
countings made in polar views of the metaphase, it has been concluded that
seventeen chromosomes are present, although in a few cases only sixteen
could be distinguished (Fig. 47). Separation of the daughter chromosomes
goes on in the usual manner, and during the anaphase the number could
be again determined in polar views ; as before, seventeen chromosomes are
found (PI. XXXVIII, Fig. 49). It is therefore obvious that no reduction
has taken place. The telophase is normal, and a wall is formed between
the resulting cells in the usual manner.

Shortly after the final division is completed shrinkage takes place, and
each cell becomes free from its investing walls. The spermatids so pro-
duced are approximately spherical in form. Each possesses a large nucleus
which contains a deeply staining nucleolus. The cytoplasm is regularly
alveolar in structure and contains no deeply staining granules (Fig. 50).
A protrusion is now produced on the nucleolus, and soon a small spherical
body is cut off by constriction, which at first remains in contact with it.
Shortly afterwards this body migrates into the cytoplasm and passes
towards the cell membrane (Fig. 51), finally coming to rest on the periphery
(Fig. 5a). Later on this functions as the blepharoplast.

The nucleolus meanwhile continues to bud (Figs. 51-3) and produces
two more small bodies which do not at once separate. In consequence,
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• at this stage a row of three bodies is found lying within the nuclear
membrane (Fig. 54). After a time the two bodies formed by constriction
become free and pass into the cytoplasm, but do not take up definite
positions (Figs. 55 and 56). While these bodies are being cut off, changes
take place in connexion with the blepharoplast A thread-like structure is
produced in contact with it, which elongates and passes over the inner
contour of the cell membrane (Figs. 53-5). The remarks made with
regard to the origin of the similar structure found in Mnium hornum apply
equally in this case. It may, however, be concluded that the process of
formation is identical in the two plants. The growth of the thread con-
tinues until it extends round about half the circumference of the cell
(Fig. 54). Soon after this length has been attained the nucleus, which up
to this stage has occupied a central position in the spermatid, passes towards
the periphery and comes into contact with the thread at some distance
from the blepharoplast (Fig. 56).

At the next stage observed two structures are found in the cytoplasm
of the spermatid. One of these is clearly similar to the limosphere already
described in Mnium hornum. It consists of a comparatively large hollow
sphere which takes up the nuclear stain freely (Fig. 57). In Airichum no
obvious vacuole is found associated with the limosphere, the interior being
filled with cytoplasm, or at least with a substance closely resembling it in
structure and staining properties. Although this body often exists as
a complete sphere, it frequently happens that only a segment.of a sphere
is present (Fig. 58). There can be no doubt as to its real form, as in all
cases the limosphere in optical section is seen as a complete or interrupted
ring from whatever direction it is examined. In Figs. 57 and 58 two
spermatids are shown in planes perpendicular to each other, and it will be
observed that in each the limosphere takes the ring-like form.

No direct evidence as to the origin of the limosphere could be dis-
covered, but it seems highly probable that it arises from one of the two
bodies derived from the nucleolus. It is usually found occupying a position
not far from the nucleus and close to the periphery of the spermatid. On
the opposite side of the cell a second structure is present, staining similarly
to the limosphere but of a different form (Figs. 57 and 58). This is similar
in shape and appearance to the bodies previously cut off from the nucleus,
and there is little doubt that while one of these produces the limosphere
the other persists in an unaltered form. It must be left to future investiga-
tion to determine whether this second body is equivalent to the ' Neben-
korper' described by Ikeno (32) in Marchantia. This in future will be
referred to as the accessory body. The nucleus now begins to elongate
along the course of the thread, and soon reaches the blepharoplast, which
in future retains its position at its anterior end. The nucleolus, which up
to this time has been distinguishable, now disappears, and the structure of
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the nucleus becomes homogeneous. Elongation proceeds until the ends
approach one another closely (PI. XXXVIII, Fig. 59), but actual contact
docs not take place, the anterior usually passing to the outside of the
posterior end (Fig. 60).

The limosphere and the accessory body are still distinguishable in the
cytoplasmic mass enclosed by the elongated nucleus (Fig. 66), and appa-
rently are finally found in the vesicle. Although the remaining cytoplasm
is scanty in amount, the portion towards the posterior end of the spermato-
zoid stains strongly, and together with the limosphere and body, probably
gives rise to a deeply-staining mass similar to that described by Guignard
(26 A) in the vesicle of the spermatozoid of Sphagnum fimbriatum. At this
stage the spermatozoid consists of about one and a half turns of a spiral,
and although almost mature no cilia have been distinguished with certainty
in the preparations. Presumably these are produced from the blepharo-
plast, and are therefore attached to the anterior end of the spermatozoid.

PELLIA EPIPHYLLA.

The antheridia of Pellia epiphylla usually appear at about the begin-
ning of April, and development proceeds until the latter part of June.
Towards the end of the period plants which have already borne antheridia
frequently develop archegonia. Plants were preserved at intervals during
the whole of this period in order to obtain all the stages of development.
Several fixing fluids were employed, and satisfactory results were obtained
with both of Flemming's mixtures, Merkel's fluid, and acetic alcohol. This
last medium gave much better results with Pellia than with Mnium or
Atrichmn.

Material was obtained in the field and from Chelsea Physic Garden.
After collection in the field, clumps of the undisturbed plants were brought
into the laboratory and preserved at various times in the next few days.
In some cases the plants were kept at a temperature of 280 C. for twelve hours
preceding fixation. At the Physic Garden material was fixed either in the
cool greenhouse where the plants were grown or after they had been placed
for several hours in a greenhouse kept at a higher temperature. In all cases
the air was removed from the tissues by means of an air-pump. Sections
varying from 3 jn—7 y. in thickness were cut, some being parallel to the longi-
tudinal axis of the plant, some at right angles to this axis, and some
parallel to the surface. The following stains were used : Flemming's triple,
Heidenhain's haematoxylin, Breinl's triple stain, and a mixture of acid
fuchsin and iodine green.

The spermatogenic cells in the young antheridia of Pellia generally
appear four-sided in section, but their form is not nearly so regular as that of
the corresponding cells in Marchantia and Fegatella (PI. XXXVIII, Fig. 61).
The large nucleus is bounded by a definite membrane and contains a large
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deeply staining nucleolu9; the remaining portion is made up of a network
containing very fine particles of chromatin. The cytoplasm is finely
alveolar and contains few or no deeply staining granules.

The first sign of approaching division is seen in the increase in size
and number of the chromatin particles. At first a few of these attain
a greater size than the remainder, and these are frequently found near the
periphery of the nucleus, sometimes in actual contact with the membrane
(Fig. 62). A little later they tend to accumulate in the vicinity of the
nucleolus, and an irregular ring of deeply staining masses is seen around
this body (Fig. 6$). The nucleus now increases somewhat in size and
becomes elongated and bluntly pointed at each end, while the chromatin
begins to aggregate into short, irregular threads.

The above appearances have been seen in antheridia which do not
show more than twelve spermatogenic cells in median transverse section,
but unfortunately the immediately succeeding stages have not been
observed in these young antheridia. In the succeeding metaphase the
spindle is well marked, the fibres converging to a point at the poles, but
no polar radiations have been distinguished. This agrees with the observa-
tions of Chamberlain (18), who was unable to find centrospheres in the
development from the initial cell up to the stage where the antheridium
shows thirty or more cells in transverse section.

After this stage has been reached centrospheres have, however, been
observed in the spermatogenic cells, and it is a singular fact that although
these are apparently absent in the earlier divisions, they are, here found as
well-developed structures. These centrospheres are similar to those de-
scribed by Farmer and Reeves (23) in the germinating spores. In these
older antheridia the early stages of division are similar to those already
described. Soon after the chromatin granules begin to aggregate together,
the membrane becomes drawn out into two points on opposite sides of the
nucleus (Fig. 64). From them distinct cytoplasmic radiations extend
(Fig- 65), but these are not so numerous as those figured by the latter
observers in the germination of the spores. At the centre of these radia-
tions a small granule can in some cases be seen, but as its presence could
not always be determined, the occurrence of a centrosome is considered
somewhat doubtful. At the following metaphase radiations were not dis-
covered with certainty, but here again a small granule was occasionally seen
at each pole.

It may be noted in this connexion, that although Farmer and Reeves
(23) were unable to ascertain the existence of any definite particle which
would indicate the presence of a centrosome within the centrosphere,
Strasburger (63), after examining the same preparations, concluded that
a centrosome was always present. The constant occurrence of this body
in the spores increases the probability of its existence in the centrospheres
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found in the developing antheridium. When first distinguished, the centro-
spheres are found lying in the cytoplasm at opposite ends of the nucleus,
and no evidence as to their origin was obtained. According to J. and W.
Docters van Leeuwen-Reijnvaan (42), a single centrosome is at first present
in the cytoplasm of the spermatogenic cells of Pellia, and this by division
produces the two found later at the spindle poles, but in spite of careful
search, no structures resembling those figured by these investigators were
found.

Before the final division the spermatogenic cells shrink slightly and
free themselves from their surrounding walls, becoming ellipsoidal or almost
spherical in form. The walls swell considerably, so that each cell comes to
be in an almost spherical space, separated by a considerable thickness of
wall from the surrounding cavities. Each possesses a large nucleus which
extends over more than half the cell and contains a well-marked nucleolus.
The early stages of division resemble those already described (PI. XXXVIII,
Fig. 66). Small deeply staining granules were sometimes seen near the
pointed ends of the elongated nucleus, but owing to their close proximity to
the periphery of the cell, their presence could not always be determined ;
radiations could not be distinguished for the same reason. A little later the
nucleus increases in size, and the pointed ends come into contact with the cell
membrane (Fig. 67). The chromatin is now found in a threadwork which
is arranged in an equatorial band just within the nuclear membrane, while
the remainder of the nucleus is free from staining substance. The chromo-
somes then become distinct, and are found scattered throughout the central
part of the protoplasm. At the next stage discovered, the daughter chro-
mosomes had almost reached the poles, and since here only an extremely
thin layer of cytoplasm exists between the ends of the spindle and the cell
membrane, no bodies resembling centrosomes could be distinguished.

After their arrival at the poles the chromosomes become crowded
together and lose their sharp outlines, finally forming a number of irregular
deeply staining masses. These are pressed closely against the periphery of
the cell, and in consequence it is impossible to see whether centrospheres
are present at this stage (Fig. 68). Meanwhile, thickenings of the spindle
fibres form at the equator, and a little later by coalescence give rise to
a wall separating the two daughter-cells or spermatids. At the same time
retrogressive changes have gone on in the daughter nuclei, and a nuclear
membrane appears; no definite nucleolus is present, but each contains
a number of deeply staining, irregular masses of chromatin.

Owing to the circumstance that the mother-cell is almost spherical,
each spermatid is approximately hemispherical in form, and in the prepara-
tions appears either circular or semicircular in outline, depending on
the direction from which it is observed. In the following description the
spermatid, when seen in section as a semicircle, is spoken of as viewed from
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the side, and when circular in outline it is described as seen from above or
below. After the division is completed each spermatid shrinks slightly,
but retains its original shape ; the wall separating the individuals of each
pair does not swell, but remains thin and sharp in outline (Fig. 71). At
this stage the appearance of the antheridium is very characteristic; the
pairs of spermatids are easily distinguished since each is separated from
the neighhouring groups by the greatly swollen mucilaginous walls of the
mother-cells ; between the individuals of each pair there is a small space in
which the thin wall separating the two cells is found. The swollen walls of
the mother-cells, as well as the walls separating the spermatids, are easily
stained with orange G and colour deeply with Congo red. They consist
at least partially of pectic substance, since they are also stained with
ruthenium red.

The occurrence of a wall between the spermatids of each pair is of
especial interest. The wall was figured by Buchtien (15) and Guignard
(26 A) in Pdlia epiphylla, but is omitted by Campbell (16) in a drawing of
the paired spermatids of the same plant. Ikeno, after special search, failed
to find a similar wall in Marchantia polymorpha, and similar results have
been obtained by Bolleter (13) in Fegatella conica, Humphrey (30) in
Fossombronia longiseta and Aneura, and Lewis (43) in Riccia natans.

In view of the diversity of the above statements, preparationsl of the
developing antheridia of Aneura pmgius were examined in order to deter-
mine whether in this plant a wall is present at a similar stage. The
material had been fixed in acetic alcohol and the preparations were stained
with Flemming's triple stain or with Heidenhain's haematoxylin and
orange G. With either of these stains a wall can be clearly distinguished
separating the spermatids of each pair. The antheridia of this plant closely
resemble those of Pellia; the spermatids are of a similar shape, and the
pairs show the same space relationships. In consequence, both in Pellia
and Aneura, this wall does not divide up a cubical mother-cell, but one
which is approximately spherical in shape. This is also the case in Makinoa
crispata, in which Miyake (44) states that the cells in the antheridium
assume a more or less spherical form just before the last mitosis. Although
there is no doubt that this is the equivalent to the final division described
by Ikeno (32) in the antheridium of Marckantia, yet it is obvious from the
account just given that it cannot, at any rate in Pellia and Aneura, be
described as ' diagonal'. In these latter plants the form of the mother-
cells is determined by their early separation, while in Marchantia no such
process goes on and the cells remain cubical. In Pellia and Aneura, even
if the division is phylogenetically ' diagonal', yet, ontogenetically, there is
little evidence of it.

1 The preparations in question were made by Professor Fanner, F.R.S., who h*s very kindly
allowed me to have the use of them.

Gg 2
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The nucleus of the spermatid is centrally placed, and is very large in
comparison with the size of the cell, almost extending across its whole
width. It is oval in shape and contains a number of irregularly shaped
masses of chromatin usually massed towards the centre, while no definite
nucleolus is present The cytoplasm is very regular in structure and contains
no deeply staining granules. The blepharoplast soon appears as a small
intensely staining spherical body. It can be first distinguished at about the
middle of the curved wall of the spermatid lying in the protoplasm midway
between the nucleus and the periphery of the cell (PI. XXXVIII, Fig. 69).
The origin of the blepharoplast was not determined, but the position in
which it was first observed is suggestive. This spot was occupied by the
pole of the spindle in the division of the mother-cell, and it is the place at
which a centrosome, if present, would probably be found. Although a com-
plete investigation has not been made, it has been shown that there is con-
siderable evidence for the presence of a centrosome at the final division.
It is difficult to avoid the inference that this body persists as the blepharo-
plast, or, at any rate, is genetically connected with it. The latter is larger
and stains more deeply than the bodies seen at the spindle poles, but this
increase of size and of staining capacity in the developing spermatid is not
surprising. It must, however, be borne in mind that the appearance of the
blepharoplast in this position does not exclude the possibility of its nuclear
origin. It is hoped to deal with this matter fully in a subsequent paper.

The blepharoplast now approaches the plane surface, always remaining
during its passage a short distance from the curved wall (Fig. 70). As seen
in side view it frequently passes towards one end of the spermatid, but this
is not constantly the case, as it may finally occupy any position along the
junction of the curved and the plane surfaces, and hence appear at any
spot on the flat wall. The blepharoplasts are often similarly orientated in
each spermatid of the pair, and in this case may be found in side view
occupying the correspondingly adjacent angles (Fig. 73). On the other
hand, they may be seen in the widely separated angles (Fig. 73). The
nucleus, up to this time, has retained its central position in the cell, but
now passes towards the periphery and is finally discovered in contact with
the membrane at a short distance from the blepharoplast (Fig. 74).

A thread of stainable substance is now formed in connexion with the
blepharoplast, extending over the inner contour of the cell membrane and
passing along the edge of the plane surface. It soon reaches the area in
contact with the nucleus and passes beyond it, terminating at the opposite
side of the cell (Fig. 77). At present it must be left an open question
whether the thread is due to an extension of the blepharoplast substance or
whether it is produced by a differentiation of the cytoplasmic membrane in
connexion with the blepharoplast.

At this stage it is necessary to consider in detail the appearances pro-
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duced when the spermatid is cut in various directions. As already explained,
when the spermatid is viewed from above or below, the outline is circular
(Text-fig, i), and semicircular whenever it is viewed from the side (Text-
figs. 2 and 3). Since the nucleus is not centrally placed, it is obvious that
all sections taken perpendicularly to the plane wall will not be similar.

TKXT-FIO. 1.

I

TEXT-FIG. J. TEXT-PIC. 3.

Text-figs. 1, 2, and 3 represent diagrammatically the appearances respec-
tively seen when the spermatid is viewed in three planes perpendicular to
one another.

Text-fig, a shows the appearance when the spermatid is seen in
optical section through the line 1, 1 (Text-fig. 1) in a plane perpendicular to
that of the flat surface, and Text-fig. 3 when similarly seen in section through
the line 2,2 (Text-fig. 1). Fig. 75, PI. XXXVIII, is an accurate drawing
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of a spermatid seen in a similar position to that shown diagrammatically in
Text-fig, a. Here the nucleus apparently occupies one end of the cell, and
the thread passes about half-way along the flat side. In this case the two
halves of the thread (seen to the left and right of i, i, Text-fig, i) are
exactly superposed, and in consequence no change in position is noticed on
altering the focus. Seen in one plane only, the thread should appear in
section as a dot, but on account of the depth of focus possessed by the
objective, this appearance is never realized. When the spermatid is seen
in optical section along the line a, a (Text-fig, i), the nucleus appears to
occupy the whole of the cell, and the thread, on altering the focus slightly,
apparently extends along the whole length of the flat side. Optical sections
in the planes 3, 3 and 4, 4 (Text-fig. 1) produce appearances somewhat
similar to that given along the plane i, 1.

Optical sections in a plane making an angle of less than 900 with the
plane of the diagram shown in Text-fig. 1 produce different appearances.
Such will in future be referred to as oblique sections. The direction of
a section passing obliquely through the line 1, 1 (Text-fig. 1) is shown by
1,1 (Text-fig. 3). In such an optical section the outline of the spermatid,
if examined at one focus, is bounded by one flat and one curved side as
before. The nucleus apparently occupies one end of the cell, and the
thread is seen as a slightly elongated structure at the end of the cell in
contact with the nucleus. On focusing up and down the flat wall is
apparently replaced by a slightly curved one, and the two halves of the
thread (shown right and left of 1, 1 in Text-fig. 1) come into view, one
occupying the slightly curved and the other the more strongly curved wall.
Fig. 78, PI. XXXVIII, is a composite drawing made at several foci, and
shows the appearances just described. In an oblique optical section taken
through the line 2, 3 (Text-fig. 1), the direction of which is given by line a, 2
(Text-fig. 2), the nucleus apparently occupies the whole cell; as before, the
spermatid is bounded by one curved and one flat wall. At one focus the
thread is seen as two short rods, one at each end of the cell; on altering
the focus the flat wall is apparently replaced by a slightly curved one, and
the rods appear to approach one another along the more strongly curved
wall. The total impression given is that the thread passes along the curved
wall.

Fig. 76, PI. XXXVIII, shows the appearance of an oblique optical sec-
tion through the line 3, 3 (Text-fig. 1), the direction of which is indicated by
the lines 3,3 in Text-figs. 2 and 3. Here the nucleus apparently occupies
one end of the spermatid, while the blepharoplast is found near the opposite
end. The thread appears to pass along the more strongly curved wall.1

1 The description just given has been written with the aid of a model. Without the assistance
thus provided it was found to be extremely difficult to appreciate the space relationship* in such
a body as the spermatid of PtUia.
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At this period two other structures appear in the cytoplasm of the
spermatid (Figs. 77 and 78). One of these consists of a deeply staining
spherical body somewhat larger than the blepharoplast and usually occupying
a position midway between the nucleus and the periphery of the cell.
This possibly corresponds to the ' Nebenkorper' described by Ikeno (82)
in Marchantia, and subsequently recognized in other plants by several
investigators ; this in future will be referred to as the accessory body. In
close proximity to this another structure is found staining similarly to the
' Nebenkorper', but not so deeply.

This often takes the form of a sphere in which a portion of the surface
stains more deeply than the remainder (Fig. 77). It is of considerable size,
being three or four times as large as the blepharoplast. In other cases it
has the appearance of a short curved rod from whatever direction it is
observed; its real form must, therefore, here correspond to the segment of
a hollow sphere. Occasionally two such rods have been observed in optical
section joined together and making an angle with each other (the lower
spermatid shown in Fig. 78). On account of its similarity in form, this
structure strongly recalls the limosphere already described in the Mosses.
In Pellia, as in A trie/turn, the limosphere is not found in connexion with
a vacuole. It is probable that the sphere just described is the earlier stage,
and that the segment is derived from it by the disappearance of the more
lightly staining portion. No statement as to the origin of the limosphere
or the body accompanying it can be made at present. They have not been
recognized with certainty at any later stage and probably soon disappear,
taking no direct part in the formation of the spermatozoid.

At this stage, when the spermatid is viewed from above or below, the
nucleus is found to occupy the greater part of the cell, extending round
about half the circumference. The blepharoplast is situated on the peri-
phery a short distance from the nucleus and connected with it by the
thread-like structure already described (Fig. 77).

It is probable that the blepharoplast and the portion of the thread
which projects beyond the nucleus together correspond to the' Cytoplasma-
hocker' described by Strasburger (62) in Pellia calycina. This investigator
describes the ' Cytoplasmahocker' as a highly refractive, slightly elongated
body occurring on the outer edge of the nucleus and bearing the two cilia.
He gives no details as to its formation, but the resemblance of the structures
in the two species suggests similarity of development in each.

Up to this time a number of small irregular masses of chromatin can
usually be distinguished, but the substance of the nucleus now becomes
homogeneous. It begins to increase in length and at the same time
decreases in width. The elongation proceeds in both directions along the
course of the thread-like structure, and at the anterior end the blepharo-
plast is soon reached; this body retains its position at the end of the
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nucleus during the subsequent extension. The thread, which is constantly
found on the outer contour of the nucleus, must consequently undergo an
equal increase in length.

The elongation as shown by Guignard (26 A) and Campbell (16) takes
place in a plane parallel to that of the wall which divided the mother-cell,
and on this account can be most easily observed in those cells so placed as
to appear circular in optical section. In this respect Pellia agrees with
Monoclea Forsteri, in which Johnson (37) states that the axis of the spiral
formed by the spermatozoid is perpendicular to the plane dividing the
mother-cell. A comparison of the Cycads and Ginkgo is also of interest in
this connexion. In these plants, as far as they have been investigated, the
axis of the spermatozoid is always perpendicular to the wall dividing the
mother-cells, and here again there is complete agreement with Pellia in
this respect. On the other hand, in Ikeno's account of Marcliantia (32),
although no statement is made as to the orientation of the plane of elonga-
tion, judging from the figures given, this plane is at right angles to that of
the divisional plane of the mother-cell. An examination of the drawings of
Fossombronia given by Humphrey (30) leads apparently to the conclusion
that this plant resembles Marchantia in this respect.

The elongation of the nucleus proceeds until the ends come almost in
contact (PI. XXXVIII, Fig. 8o), and then further extension goes on in
a spiral above or below the level of the first coil (Fig. 8i). This increase
in length is accompanied by contraction of the substance of the nucleus
and consequent decrease in width. The cytoplasm meanwhile diminishes
in amount, and is found in the portion of the spermatid enclosed by the first
coil. When the spermatozoid has reached its full length it consists of a spiral
of about three turns.

No observations have been made on the free swimming spermatozoid,
and during the various stages of development no traces of the cilia were
found, although special staining methods were employed to render them
visible. Consequently no statement can be made as to their exact place of
attachment, although they may be presumed to arise from the blepharo-
plast.

DISCUSSION AND CONCLUSIONS.

In the above description it has been shown that the mitoses which take
place during the development of the antheridia of Mnium kornum. and
Atrichum undulatum are of the normal type. The final division of the
spermatogenic cells does not differ essentially from those mitoses which
immediately precede it, but in fact resembles them so closely that there is
considerable difficulty in distinguishing it It is clear that no reduction in
the number of chromosomes takes place in the antheridia of these plants.
It may also be concluded with considerable certainty that no reducing
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division similar to that described by J. and W. Docters van Leeuwen-
Reijnvaan in the antheridia of several species of Polytrichum and in Mnium
sp. takes place in the Musci.

The final divisions in the antheridia of the two species show, however,
several points of interest. In Mnium korntim the axis of the spindle usually
coincides with the longitudinal axis of the cell, and is not diagonally arranged
as is the case in many of the Hepaticae. In a few cases, however, an almost
diagonal arrangement was observed At the corresponding division in
Airichum undulatum, although the axis of the spindle is sometimes almost
diagonal, it is usually parallel to the longitudinal axis of the cell. The cells
resulting from the final division in both species are, however, never triangular
in section, but.rectangular or polygonal. Since no shrinkage takes place in
the cells before the final division, these cannot be easily distinguished from
the spermatogenic cells at earlier stages of development.

It is therefore doubtful whether the term ' mother-cell' should be
applied to the cells immediately before the final division or to the cells
resulting from this division.

In the Hepaticae the mother-cells each give rise to two spermatids.
In Marchantia and Fegatella these mother-cells can be distinguished by the
fact that they divide diagonally, and in Pellia, Aneura, and Makitwa by
their contraction before the final division. It must therefore be concluded
that either the mother-cells in the Musci do not divide, and only one sper-
matid is produced in each, or that at their division the axis of the spindle
is generally not diagonal. Since divisions of approximately the diagonal
type are sometimes found, it appears that the second of the above possi-
bilities may exist. The occasional occurrence of such divisions might be
adduced as evidence for the Hepatic ancestry of the Musci, but in view of
the irregularity in shape of many of the spermatogenic cells, too much
importance must not, perhaps, be attached to this fact The discovery of
' double' spermatids in Mnium kornum can be cited as additional evidence
for the formation of two spermatids from each mother-cell in this plant. It
may also be pointed out in this connexion that the production of two male
cells from each mother-cell is almost universal in the Pteridophyta, Gymno-
spermae, and Angiospermae.

Several different structures have been described in the developing
spermatozoid in the various groups of plants. The most important of these
is the blepharoplast, and this is the only one which is constantly found in
the spermatid at some stage in its development A considerable literature
has appeared dealing with the formation of this body. Four methods of
origin have been assigned to it in various plants.

I. In a large number of cases the blepharoplast is said to arise de novo
in the cytoplasm, either in the spermatid itself or in the spermatogenic cell
before its final division. It is said to originate in this manner in Cycas
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(Ikeno 31), Zamia (Webber 73), Ginkgo (Hirase" 27), Nephrodium (Yama-
nouchi 76), Marsilea and Onoclea (Shaw 57), MarcJiantia and Fegatella
(Escoyez 22), Fossombronia (Humphrey 30). In several cases the blepharo-
plast is described as arising in the cytoplasm near the nucleus, as in Adian-
tttm and Aspidium (Thom 67), Derbesia (Davis 19), Polytoina (Dangeard 20).

II. In several Algae the blepharoplast arises by differentiation of the
plasma membrane (' plasmodermale Blepharoplasten' of Ikeno). Stras-
burger (62), as the result of his investigations on the zoospores of Oedo-
gonium, Vaucheria, and Cladophora, concluded that in these plants the
blepharoplast was formed from the plasma membrane {Hantschicht);
Mottier (47), in the case of Chara, came to a similar conclusion.

III. In several Pteridophyta and Bryophyta the blepharoplast is
stated to be identical with the centrosome or to be derived directly from it
(' zentrosomatische Blepharoplasten' of Ikeno). This view was advanced
by Belajeff (7-12), who based his opinion on the examination of Marsilea
and Gymnogramme. It has been strongly upheld by Ikeno (32-5), as the
result of his investigation of Marchantia polymorpha. Lewis (43) in the
case of Riccia, and Bolleter (13) in Fegatella, have come to similar conclu-
sions. Jahn (36) states that in Stemoiiitis flaccida the centrosomes function
as blepharoplasts, the cilia growing out from them while they are still at
the poles of the spindle.

From the present investigation it appears probable that in Pellia epi-
phylla the blepharoplast is derived directly from the centrosome.

IV. In a few cases the blepharoplast has a nuclear origin (' Karyo- oder
Kernblepharoplasten' of Ikeno). In Mnium sp. and various species of
Polytrichum, J. and W. Docters van Leeuwen-Reijnvaan (40, 41, 42) state
that the blepharoplast originates from the nucleolus by division. In the
present investigation it has been found that a similar process takes place in
Mnium hornum and Atrichum undulatum. Another instance of the nuclear
origin of the blepharoplast has been given by Schaudinn (53) in Trypano-
soma and Spirochaete.

.Up.to the present time, the nuclear origin of the blepharoplast has
been discovered amongst plants only in the Musci. The fact that the pro-
cess has now been discovered in three genera suggests that it is widespread
in this group.

As already described, centrosomes are not present at any of the
divisions of the spermatogenic cells in Mnium fwrnum and Atrichum undu-
latum. In the latter plant, however, a small body is separated from the
nucleus prior to each division in the antheridium. A similar body is found
in Mnium hornum at certain divisions only. In a former communication
(74) it has been shown that during the division of the archesporial cells of
this plant; no such body is separated, although at the reduction division its
presence is easily discovered. During the earlier mitoses in the antheridium
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it is again absent, but appears in the penultimate and final divisions in that
organ. It is interesting to note that the stages at which this body is pro-
duced in Mnium Jiornum agree closely with those at which centrospheres
and centrosomes have been described in several Liverworts. These latter
structures, if present at all, are generally discovered at the meiosis and
during the divisions of the spermatogenic cells. It may therefore be sug-
gested that in the case of Mnium hornum the production of a body from
the nucleolus during certain periods represents a late stage of reduction in
centrosome formation.

It may be supposed that at an early period in its phylogenetic history
Mnium possessed centrosomes of nuclear origin similar to those described
in Marchantia by Ikeno. During the specialization that is generally
admitted to have taken place in the Musci these have become functionless,
and in consequence have almost disappeared, being represented at the
present time only by the bodies cut off from the nucleolus prior to certain
divisions.

If this supposition is admitted the direct formation of the blepharo-
plast from the nucleus in the Musci can be more easily correlated with its
centrosomic origin in Marchantia and other Hepatics. In Marchantia the
centrosome derived from the nucleus just before the final division persists
in the daughter-cells, and functions as the blepharoplast in the spermatids.
In Mnium, the body produced at the final division (phylogenetically the
centrosome) having no function soon disappears. In the spermatid a similar
body arises from the nucleus, and now, having taken on an additional func-
tion, persists as the blepharoplast. The formation of bodies from the
nucleolus in the cells in the vicinity of the stem apex has already been
mentioned. In these cases, as pointed out, this production of bodies is not
associated with cell-division, and the mass separated i9 not regarded as
possessing any phylogenetic relation to the centrosome. A similar produc-
tion of bodies from the nucleoli of resting cells has been described in several
animals and plants by Walker and Tozer (71).

It is possible that the nuclear origin of the blepharoplast is more wide-
spread than is generally supposed. In several cases where this body-is
described as arising de novo in the cytoplasm and in the vicinity of the
nucleus, it is conceivable that it really originates from the latter structure.

The plasmoderm origin of the blepharoplast described by Mottier in
Chara is of interest in connexion with the similarity which, as long ago as
1892, was pointed out by Strasburger (61) to exist between the spermato-
genesis of this plant and that of the Musci. The spermatid of A triehum
shown in Fig. 56, PI. XXXVIII, bears a considerable resemblance to the
drawing of the spermatid of Chara given by Mottier (47) in his Fig. 1,
although in the former case the blepharoplast is of nuclear, while in the latter
it is of plasmodermic origin. The results obtained by a re-examination of
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the spermatogenesis of Cliara would be of considerable interest in this
respect.

The present writer is in agreement with Ikeno concerning the phylo-
genetic origin of the blepharoplast from the centrosome in the great majority
of plants. This view is considerably strengthened by a comparison of its
origin in animals, where in the great majority of cases it is identical with
or directly derived from the centrosome.

The term blepharoplast was introduced by Webber (73) in 1897, who
defines it (footnote, p. 30) as ' the cilia-forming organ of the spermatogenous
cells of Zamia and Ginkgo, which so nearly resembles a centrosome or
centrosphere'. This investigator states ' there would seem to be no possible
doubt' that the subsequent formation of the cilia-bearing band in Zamia is
organized at the expense of and by the granules of the blepharoplast. The
production of a thread or band from the blepharoplast has also been described
in Onoclea and Marsilea by Shaw (57) and by Yamanouchi (76) in Nephro-
dium. Until the present, however, no thread-like structure produced in
connexion with the blepharoplast has been definitely described in the
Bryophyta. Ikeno (32) in Marchantia describes the slight elongation of
the blepharoplast, but states that the latter becomes connected with the
nucleus by a ' cytoplasmatischer Vorsatz', which grows, not from the
blepharoplast, but towards it. J. and W. Docters van Leeuwen-Reijnvaan
(41) state that a similar band is found in Polytrichum, in this case growing
from the blepharoplast towards the nucleus. Humphrey (80) in Fossont-
bronia describes the slight elongation of the blepharoplast, but states that
the connexion with the nucleus is completed partly by the cytoplasm and
partly by the elongated ' Nebenkorper'. Bolleter (13) gives a somewhat
similar account in the case of Fegatella.

A slight elongation of the blepharoplast has been described in Mniuni
in this investigation, but the thread is quite distinct from this and is present
in addition to it. The elongation takes place towards the anterior part of
the spermatid, while the thread is produced in an opposite direction. The
thread has been described in Mnium hornum, Atrichutn undulatum, and
Pellia epiphylla, and there is no doubt that it is homologous in these three
species. In each of these plants the nucleus elongates right up to the
blepharoplast, and consequently no cytoplasmic material is intercalated
between the two. In this respect these observations agree more closely
with the accounts of spermatozoid formation in Pellia given by Buchtien
(15) and Guignard (26 A) than with the more recent accounts given of this
process in the Hepaticae. With the exception of the blepharoplast and
the thread-like structure, the whole of the body of the spermatozoid is pro-
duced from the nucleus. A thread-like structure closely resembling that
found in the two mosses and in Pellia has been described by Mottier (47)
in the spermatid of Chara. In this case, however, the thread does not
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grow out in connexion with a blepharoplast, but is produced by a differentia-
tion of the cell membrane. At present it must be left an open question
whether this thread in Chara is homologous with that described in the
Bryophyta.

It has already been pointed out that the origin of the thread-like body
in the plants examined has not been definitely determined. Two methods
of formation are possible :—

1. The thread is formed by an extension of the blepharoplast sub-
stance, and forms a part of the latter body.

2. It arises by a differentiation of the plasma membrane, and is
distinct from the blepharoplast.

If the first view is accepted, it appears that elongation of the blepharo-
plast goes on in two directions in Mnium, towards the anterior part of the
spermatid forming a short bar-like structure, and in the opposite direction
producing the thread. Such a process has, however, not been previously
described in connexion with the blepharoplast. On the second assumption
the thread is a structure distinct from the blepharoplast. In this case the
thread is not homologous with the blepharoplasts described in the Bryo-
phyta, Pteridophyta, and zoidogamous Gymnosperms. As additional
evidence for this, it may be pointed out that the thread has apparently no
direct connexion with the cilia. Further investigation is necessary before
any decision can be arrived at regarding this matter.

The processes involved in the actual production of the spermatazoid in
Pellia and the two masses examined are very similar, as is shown by
a comparison of Fig. 57 of Atrichum and Fig. 79 of Pellia (PI. XXXVIII).
Subsequent to the production of the thread and limosphere, the changes
which take place in Pellia and Alrichum are almost identical.

In many of the cases in which the spermatogenesis of plants has been
carefully investigated, one or more chromatic bodies in addition to the
blepharoplast and nucleus have been discovered in the spermatid. This
has been emphasized by Ikeno in his description of Marchantia. In the
spermatids of this plant he described the occurrence of a fairly large
spherical body which takes up the nuclear stain freely. He refers to this
as the chromatoid ' Nebenkorper', and suggests that it is homologous to the
body described by Meves (46) under this name in the spermatids of several
animals. The origin of this body was not determined, and it soon dis-
appears, taking no direct part in the formation of the spermatozoid. He
considers the ' Nebenkorper' is homologous with the blepharoplastoids de-
scribed by Shaw (57) in Marsilea, and the ' corps sphdrique' found by
Hirase" (27) in Ginkgo. It is interesting to note these bodies also are stated
to take no direct part in the formation of the spermatozoid. A similar
body was subsequently described by Bolleter (18) in Fegatella, and by
Humphrey (30) in Fossombronia, but in the latter plant it is stated that the
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' Nebenkorper' forms a part of the body of the spermatozoid. In a recent
communication Yamanouchi (76) has described a body in the spermatid of
Nephrodium which arises near the nucleus, but the origin of which was not
ascertained. This body, which he designates the ' Nebenkern ', is found per-
sisting in the vesicle of the mature spermatozoid.

In the present investigation two bodies have been constantly discovered
in the spermatids, and these in the three plants examined take no direct
part in the formation of the spermatozoid, but are found ultimately in the
vesicle. The limosphere, as already shown, is easily distinguished in all
cases by its peculiar form, and no doubt corresponds to the ' Nebenkorper'
described in Polytrichuvi by J. and W. Docters van Leeuwen-Reijnvaan
(41) and by Arens (2) in Mnium hornum. Up to the present no such
structure has been discovered in the Hepaticae. The accessory body is
probably similar to the body described by J.and W. Docters van Leeuwen-
Reijnvaan in Polytrichtim produced by the third constriction of the nucleus.
With this exception it has not yet been recorded in the Bryophyta or else-
where. At present it cannot be stated which of these two bodies is equiva-
lent to the ' Nebenkorper' described by Ikeno in Marchantia.

There seems to be no doubt that in Atrichum undulalum and Mnium
hornum both the limosphere and the accessory body are derived either
directly or indirectly from the nucleus, and although in the case of Pellia
their origin has not been determined, it seems probable that here, too, they
are derived from the nucleus.

The occurrence of structures corresponding to the rod-like bodies dis-
covered in Mnium hornum has not, up to the present, been recorded in the
spermatids of plants. Although these structures have not been found in
Airichum, it is still possible that they exist in this plant and that their
occurrence has been overlooked on account of the short period during which
they are present. Somewhat similar structures have been discovered in
the spermatocytes and spermatids of a considerable number of animals, and
these are variously referred to as chromidia, chondromites, mitochondria,
pseudochromosomes, &c.

It would be out of place here to attempt even a partial summary of
the results obtained in animals in this connexion, but a few will be men-
tioned. Gross (26) in Pyrrhocoris describes pseudochromosomes in sper-
matocytes I, II, and the spermatids. In the latter these give rise to the
'Nebenkern', which is somewhat ring-like in form. Schreiner (59) states
that chondromites and chromatic bodies are present during the spermato-
genesis of Myxine. Oettinger (48) describes the occurrence of mitochondria
in the spermatids of some Myriapods. Some of these are ' fadenformige
Mitochondrien', but others exist in the form of a sphere, which at first
p6ssesses a dark-staining periphery. Popoff (49) in Helix and Paludina
States that chromidia are formed from granules extruded from the nucleus
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in spermatocyte I. These chromidia persist in spermatocyte II, and in the
spermatid give rise to a triangular or polyhedral body, the ' Nebenkern'.
This, together with a plasma mass, is thrown off finally from the sperm.1

Von Baehr (4) in Aphis Saliceti states that after the final division of the
spermatocytes a ' Nebenkern' in the form of a ' Blaschen ' with stainable
walls appears. This probably originates from the mitochondria. Later on it
becomes shaped like a split ring, and finally disappears during the forma-
tion of the sperm. Wasilieff (72) states that the mitochondria found in the
spermatocytes of Blatta germanica originate from the nucleus.

A consideration of the above results leads to the conclusion thatthe
li mosphere bears a close resemblance to the' Nebenkern' described in several
animal spermatids, and that at least in some cases the two have a similar
origin. It is not desired, however, to state that the two structures are
homologous. At present little evidence is available as to the occurrence
and formation of the limosphere in plants, and such a generalization would
not be justified. The elimination of chromatic material from the nucleus
during spermatogenesis seems to be almost universal in animals and plants.
The widespread nature of this phenomenon suggests that it is of far-
reaching importance. It is possible that some such separation of material
must take place before the cell can undergo the changes which result in the
formation of the sexual cell. The material eliminated probably differs
considerably in composition from the cytoplasm which surrounds it, and
during the chemical changes which take place after its separation from the
nucleus it is not surprising that structures of more or less constant form are
produced. The appearances already described, which are seen during the
formation of the limosphere, strongly suggest that the material of which it
is formed is gradually changing in composition, so that finally the greater
part of it loses its capacity for taking up the nuclear stain. A similar
elimination of chromatic material takes place in many plants during the
formation of the egg. An instance of this in the Musci has been given by
Holferty (29), who states that masses of chromatic material are present in
the cytoplasm of the egg of Mnium cuspidatum.

The extrusion of chromatic substance from the nucleus during meiosis
is a widespread phenomenon in plants.2 Miss Digby (21) has recently
given an account of the extrusion of bodies from the nucleus at this stage
in Galtonia candicans, and a considerable number of examples of this
process are here quoted. It is a highly suggestive fact that at two im-
portant stages in the life of the organism chromatin is eliminated from the
nucleus, while during the intervening periods little or none is thrown out.

1 Popoff'i results have been adversely criticized by Murray, Ancel, and Bolles Lee. Theie
investigators admit the existence of the chromidia but question their nuclear origin.

9 Since in animals meiosis always coincides with the maturation of the sexual cells, the two
periods during which extrusion of chromatic material from the nucleus takes place in plants cannot
be here distinguished.
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SUMMARY.

1. In Mfiiunt hornutn and Atrichum undulatum the divisions of the
spermatogenic cells are normal, and no centrosomes are present. The final
division is not of the diagonal type which is found in several of the Hepa-
ticeae. No reduction in the number of the chromosomes takes place at the
final mitosis.

2. In Ptllia epiphylla centrospheres and probably centrosomes are
present during the later divisions in the antheridium. The blepharoplast is
probably derived directly from the centrosome.

3. In the spermatid of Mnium hornutn a number of bodies become
separated from the nucleolus. These pass into the cytoplasm and there
give rise to a number of rod-like structures. The rod-like structures, by
coalescence, finally form a hollow spherical body, for which the name
limosphere is suggested. The nucleolus then divides into two masses,
which both pass into the cytoplasm ; one of these functions as the blepharo-
plast, while the other gives rise to the accessory body.

4. In the spermatid of Atrichum undulatum three bodies are separated
from the nucleolus and pass into the cytoplasm. The body first produced
functions as the blepharoplast. The limosphere arises from one of the
remaining bodies, while the other gives rise to the accessory body.

5. In Pellia epiphylla a limosphere and accessory body are present in
the cytoplasm of the spermatid. Their origin was not determined.

6. In all of the three plants under consideration the blepharoplast
passes to the periphery of the spermatid. A thread-like structure is pro-
duced in connexion with the blepharoplast, which passes along the inner
contour of the cell membrane. The nucleus passes to the periphery and
lies in contact with the thread. Elongation takes place in the nucleus, and
the latter, together with the thread, produces the entire body of the sperma-
tozoid. The limosphere and accessory body persist in the almost mature
spermatozoid, and in all probability are found ultimately in the vesicle.

In conclusion, I wish to express my thanks to Professor Farmer,
F.R.S., for his constant help and valuable advice throughout the course of
the investigation. I also wish to thank Mr. F. J. F. Shaw, B.Sc, A.R.C.S.,
for the collection and preservation of material of Pellia epiphylla, and for
the preparation of a considerable number of sections of this plant.
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EXPLANATION OF PLATES XXXVII AND XXXVIII.

Illustrating Mr. Wilson's paper on Spermatogenesis in the Bryophyta.

All the figures were drawn with the camera lucida under a 2 mm. apochr. horn. imm. Zeiss,
N.A. 1-40 with comp. oc 18, x 2350, except Figs. 65, 70, and 71, which were drawn under a 3 mm.
apochr. hom. imm. Zeiss, N.A. 1.40 with comp. oc 18, x 1500.

Figs. 1-44 refer to Mnium hornum; 1—15 to divisions in the antheridium, and 16-44 t°
spermatids. Figs. 45-60 to Atruhum undulatum; 45-9 to divisions in the antheridium, and
50-60 to spermatids. Figs. 61-81 to Pellia epiphylla.

PLATE XXXVII.

Mnium hornum.

Fig. 1. Resting cell from antheridium just before antepenultimate division.
Fig. 2. Metaphase of antepenultimate division in side view.
Fig. 3. Metaphase of antepenultimate division in polar view.
Fig. 4. Constriction of body from nncleolus before penultimate division.
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Fig. 5. Late prophase of penultimate division.
Fig. 6. Constriction of large body from nucleolus before final division.
Fig. 7. Constriction of two bodies from nucleolus before final division.
Fig. 8. Body separated from nucleolos and lying in the nucleus before the final division.
Fig. 9. Early prophase of final division. "
Fig. 10. Late prophase of final division.
Fig. 11. Metaphase of final division in side view.
Fig. 12. Metaphase of final division in polar view.
Fig. 13. Anaphase of final division in side view.
Fig. 14. Anaphase of final division in polar view.
Fig. 15. Telophase of final division.
Fig. 16. Shortly after contraction from the enclosing cell-wall.
Fig. 17. Nucleolus constricting.
Fig. 18. Bodies produced from nucleolus in cytoplasm. Outline of nucleus not shown.
Fig. 19. Formation of rod-like bodies. Outline of nucleus not shown.
Fig. 20. Views of the same ipermatid at two foci: (a) showing rod-like bodies, (i) nucleus

with nucleolus divided Into three bodies.
Figs. 21 and 22. Nucleus with undivided nucleolus and rod-like bodies in cytoplasm.
Figs. 23 and 24. Nucleus with nucleolus divided into two and rod-like bodies in cytoplasm.
Fig. 25. Commencement of fusion of rod-like bodies.
Fig3. 26 and 27. Fusion of rod-like bodies.
Figs. 28-31. Stages in formation of limosphere, appendage, and blepharoplast. Outline of

nucleus not shown.
Fig. 32. Elongating nucleus and developing limosphere.
Fig- 33- Elongation of blepharoplast.
Figs. 34-8. Formation of thread from blepharoplast. Outline of nucleus not shown.
Figs. 39-41. Stages in elongation of nucleus.
Fig. 42. Almost mature spermatoioid enclosed by original cell-walL
Fig. 43. Double spermatid.
Fig. 44. Spermatid stained with iodine solution.

Atrichum undulaium.

Fig. 45. Cell from young antheridium, showing constriction of nucleolus.
Fig. 46. Metaphase of final division in side view.
Fig- 47- Metaphaie of final division in polar view.

PLATE XXXVIII.

Fig. 48. Anaphase of final division in side view.
Fig. 49. Anaphase of final division in polar view.
Fig. 50. Shortly after contraction from the enclosing cell-wall
Fig. 51. Nucleolui dividing; blepharoplast in cytoplasm.
Fig. 53. Nucleolus dividing ; blepharoplast on periphery. .
Figs. 53-5. Nucleolns dividing; formation of thread from blepharoplast.
Fig. 56. Nucleus in contact with thread; bodies passing into cytoplasm.
Fig. 57. Limosphere and accessory body in cytoplasm.
Fig. 58. Limosphere and accessory body in cytoplasm. Spermatid viewed in plane perpendicular

to that seen in Fig. 57.
Fig. 59. Elongation of nucleus; limosphere and accessory body.
Fig. 60. Almost mature spermatozoid, showing limosphere and accessory body.

Ptllia epiphylla.

Fig. 61. Resting cell from young antheridium.
Fig. 62. Early stage of prophase, showing chromatin masses near periphery of nucleui.
Fig. 63. Slightly later prophase.
Fig. 64. Prophase, showing elongated nucleus and centrospheres (?). From antheridium

showing fifty-two cells in cross-section.
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Fig. 65. Slightly later stage, showing centrojphere and radiations.
Fig. 66. Cell in early prophase of the final division.
Fig. 67. Prophase of final division, showing nnclem pointed at each end.
Fig. 68. Telophase of final division.
Fig. 69. Spermatid seen from side, showing blepharoplast in position where first distinguished.
Fig. 70. Spennatid seen from side, showing blepharoplast half-way to angle.
Fig. 71. Pair of spermatids seen from side, showing swollen mother-cell walU and dividing

wall; in the lower cell blepharoplait is at the angle, while in the upper one it is a short distance
from the angle.

Fig. 73. Pair of spermatids seen from side, showing blepharoplasta in widely separated angles.
Fig. 73- P»ir of spermatids seen from side, showing blepharoplasts in adjacent angles.
Fig. 74. Spermatid from below, showiog blepharoplast.
F'g- 75- Spennatid from side, showing blepharoplast and thread.
Fig. 76. Spermatid seen obliquely from side, showing blepharoplast and thread.
Fig- 77- Spermatid from below, showing limosphere, accessory body, blepharoplast, and thread.
Fig. 78. Pair of jpermatids seen slightly obliquely from side; in each the limosphere, accessory

body, and thread can be seen.
Fig. 79. Spennatid from below wilh limosphere, accessory body, blepharoplast, and thread.
Fig. 80. Spermatid from below, showing elongating nncleus.
Fig. 81. Spermatid from below, showing the nnclens elongated into a spiral.
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